Magnetic and optical properties of transition-metal complexes are governed by the ground state and the low-energy excitation spectrum of the d-shell of the central transition metal ion. These spectra are successfully fit to the crystal field theory. We present here an account of the effective Hamiltonian method recently developed to calculate the ground state and the excitations of the d-shells of transition-metal complexes and report the results of its application to some complexes of particular interest. 0 1996
Introduction
ransition-metal complexes (TMC) are "large T systems" for direct quantum chemical treatment. Nevertheless, both semiempirical [l-51 and ab initio [6- 131 methods based upon the Hartree-Fock-Roothaan approximation have been used in order to calculate the ground states and the excitation spectrum of TMC. With respect to the ground state of TMC, the problems of correct reproduction of its spin multiplicity and spatial symmetry are particularly difficult (see below). In the case of ab initio calculations with large CI expansions [6-101 or with a special selection of configurations in the MCSCF wave function [ll, 121, a reasonable agreement of the calculated ground-state spin and symmetry and of transition energies with experiment can be obtained. However, such calculations are restricted to relatively simple systems.
Recently, a semiempirical INDO/S-CI method for the calculation of the electronic transition energies was elaborated and extended to transition-metal atoms [ 21. It successfully applies to rather complex systems like ferrocene [3] or porphyrin complexes of transition metals [4, 51 . However, despite reasonable numerical agreement between the calculated and observed d-d transition energies obtained by this method, some fundamental problems remain unsolved. The success in [2-51 was achieved by a heavy loss of the broken Aufbauprinzip and (as a consequence of the latter) by the loss of the confidence that the obtained Slater determinants represent the minima of the Hartree-Fock energy functional rather than saddle points.
The main complication which arises when semiempirical quantum chemistry addresses TMC is the doubt in the validity of the fundamental quantum chemical approximation, the self-consistent-field (SCF) approximation, for this class of the molecules. The main problems the SCF approximation encounters are the following (for more detailed discussion, see [ 141 and references therein):
(i) The Koopman's theorem is not valid for the states with large contributions from the atomic d-states;
(ii) the Aufbauprinzip frequently breaks for the (iii) orbitals with significant contributions from the atomic d-states; and the iteration procedures implied by the SCF approximation converge very slowly or oscillate.
The breaking of the Koopman's theorem is the most spectacular among the problems listed above. This theorem appears as a corollary of the SCF approximation where each electron is treated as if it moved in a mean field induced by nuclei and other electrons. The ionization potentials are then equal to minus energies of electrons in such a potential (minus orbital energies). This picture is an approximation since the mean field itself changes when an electron is removed from the system or added to it. The difference between the minus orbital energy which must be the ionization potential according to the Koopmans' theorem and the real ionization potential is called the relaxation energy. For organic molecules, the relaxation energies are usually small and the whole picture remains consistent. In the case of TMC, the relaxation energies can reach the values from 10 to 20 eV when the levels with some significant contribution from d-orbitals are involved [ 151. This suggests that the real behavior of d-electrons in TMC does not fit in the picture where independent electrons move in the mean field induced by the nuclei and other electrons. By contrast, electrons trace any motion of each other very carefully. In other words, d-electrons are strongly correlated.
Another problem, which is rarely recognized as such, is the break of the Aufbauprinzip (the rule of the occupation of MOS by electrons by two from the bottom), which frequently happens in the semiempirical calculations on TMC. In this case, as in the case of the Koopmans' theorem, the orbitals which turn out to be unoccupied or singly occupied but have lower orbital energy than some doubly occupied orbitals are the orbitals formed largely by the d atomic orbitals. One can check (see [16] and the Appendix) that the Slater determinants breaking the Aufbauprinzip do not present a minimum of the Hartree-Fock energy functional but a saddle point. This in its turn causes the well-known but rarely reported problems with the convergency of the SCF iterations. However, more important than the convergency problems is the doubtfulness of the very idea to parametrize a semiempirical Fock operator for transition metals using, throughout, the calculation a trial wave function which is not a stable solution of the SCF problem.
From the above discussion, we see that there are some fundamental problems in the semiempirical description of the electronic structure of TMC. They appear due to the relatively important role of the correlations which manifest themselves primarily in the d-shells, whereas the description of electrons in the ligands seems to be less problematic. At the same time, d-electrons are responsible for the ground-state total spin and for the lowenergy excitations of TMC.
The instability of the Hartree-Fock solutions for TMC does not create any physical problem by itself. It simply indicates that the ground state cannot be presented by a single Slater determinant and some other configurations must be added. The problem which arises in this concern is that the CI series using the Hartree-Fock orbitals as a one-electron basis set converge rather slowly and thus a large number of configurations must be taken. A truly large CI expansion once obtained is very difficult to interpret since none of the configurations dominates it. For that reason, any qualitative picture of the electronic structure of TMC gets lost.
This gloomy picture is, however, in a sharp contrast with a real state of things with the physical understanding of the electronic structure of TMC, which is, indeed, fairly transparent. The experimental data concerning the d-d excitation spectra of TMC can be successfully fit to the models equivalent to the crystal field theory (CFT) [17] . That means that specific properties of TMC are determined by the d-electrons of the transitionmetal ion. Their low-energy excitations are responsible for the characteristic absorption bands in the optical spectra and for the magnetic properties. The ground-state spin depends on the balance between the electron repulsion of d-electrons and their interaction with the ligands which provide some external field. The excitations of the ligands have much larger energies than those in the d-shell and, incidentally, the ligands have closed electronic shells so that they do not contribute directly to the spin multiplicity of the complex. The features formulated above apparently correspond to the situation covered by the naive CFT where all the interesting events happen in the d-shell of transition-metal ions whose ligand environment remains inert [ 171. The qualitative physical picture provided by the CFT is correct to a large extent. The major part of magnetic and optical experiments on TMC, indeed, can be interpreted in the framework of the CFT operating with the muhiplets of some fixed number of d-electrons in the external field of appropriate symmetry (see, e.g., [18] ). The CFT is that successful due to the correct form of the electronic wave function that it implies. Obviously, the wave function of a complex in CFT is a product of the multiplet (full CI) state for some fixed number of d-electrons and of an unspecified closed-shell state of the remaining electrons in the ligands. This remainder was never considered explicitly (see, however, below) and that is why the crystal fields could not be satisfactorily calculated within the CFT'S own framework.
In the effective Hamiltonian method [14], the two most important features of the electronic structure of TMC outlined above, namely, the presence of an isolated group of strongly correlated d-electrons on the metal atom and the existence of the closed-shell ligands, were taken into account explicitly. The distinction between the ligands and the d-shell of TMC is used in order to describe d-electrons and electrons in the ligand orbitals, employing different levels of accounting for the electron correlations. The following features were implemented in the method: (1) the multiplet structure of d-electrons in the central ion (to do so, the configuration interaction [ CI] is completely taken into account in the d-shell); (2) electronic structure of the ligands is treated realistically, but the single-determinant approximation suffices for that; and (3) the weak covalency resulting from the metal-ligand interactions is included by the effective Hamiltonian technique.
The method has been parametrized and then applied to the metal fluorine complexes, metal hexahydrate and hexamine complexes, metal hexachloro and tetrachloro complexes, metallocenes, and mixed ligand complexes of the D4h symmetry [19-221. In all the cases studied, we observed perfect agreement between the experimental data concerning the spin and symmetry of the ground state of the complex and our calculations. The spectra of the d-d excitations were reproduced within the accuracy of 2000 cm-'. In the present article, we apply the effective Hamiltonian-crystal field (EHCF) method [14] which is briefly described for some complexes with nitrogen-containing ligands including porphin which are "truly large systems."
Account of the Method
The formal derivation of the EHCF method proceeds as follows [14] : We separate the whole set of 
with the effective Hamiltonians for the subsystems given by Since the hubsystem is described by a single The effective Hamiltonian for the d-shell Eq. (7) obviously has the form of the standard crystal field Hamiltonian. The covalence term dominating the d-level splitting is apparently analogous by its origin to the ligand-field parameters of the angular overlap model (AOM) [26] . The important difference between them is that in the AOM all the ligand-field parameters are fit to the experimental spectra for each ligand and are not transferable from one ligand to another even if the donor atom is the same. In our approach, the electronic structure of the ligands is taken into account explicitly. That allowed us to parametrize (see [ 14, [19] [20] [21] [22] and below) only the magnitude of the hopping between the orbitals of the given donor atom and d-orbitals of the given transition metal. The same value can be used for all the ligands containing a given donor atom, thus permitting one to reproduce the effects of the substitution in the ligands on the crystal field induced on the d-shell.
After 
Calculation Results and Discussion
In this article, we applied the method described in the previous section to calculate the electronic structure of The EHCF method supplies us with the results of three types: (1) the standard quantum chemical description of the [-subsystem (i.e., electron densities on atoms, orbital energies, and the orbital expansion coefficients); (2) the many-electron ground state and the excitations of the d-shell; and (3) the information on the particular MOS and the charge-transfer states which largely contribute to the effective crystal field induced by the 2-system into the d-system. Three these types of data are presented in Tables I-VIII. The forms of the MOS and the orbital energies are condensed in the contributions to the splitting, and for that reason, we do not give these data here.
For all the four considered ML,Z, complexes, the ground state is in accord with the experiment. It is the ,B1, state for the Ni(I1) compounds [27, 281 and 5B,, for the Fe(I1) mixed complex [29, 301 . The charge distribution in all four complexes does not contradict to the intuitive ideas concerning the charge distributions. Note that in all the cases our method gives some noticeable positive charge on the metal ion, thus curing an old [25] problem of either very small positive or even negative charges on the central ions. The transition energies of the Ni compounds are in fair agreement with the experimental assignments [27, 
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, transition split by the tetragonal field. Their order is, however, inverted as compared to the standard assignment scheme [181 used also in [29] . The point symmetry labels ascribed to the excited states (5A,, and 5B,,) are assigned without strong experimental support. The reasoning given in [29] is based on the idea that the d, 2+ and dZ2 orbitals singly occupied in the ground state of [Fe(py),(NCS),l are bonding. In this case, the stronger bonding interaction between the iron(I1) ion and the NCS-ligands (evident from the structural data [141) results in a lower energy of the dZ2 orbital as compared to a weaker bonding ~, z -~z orbital. Meanwhile, in our approach, the d-orbitals are excluded from the uniform molecular orbital treatment, and, thus, the terms "bonding" or "antibonding" do not apply to them. The d-orbitals do not participate in the formation of chemical bonds and are therefore "nonbonding." The relative position of the strongly localized d-orbitals on the energy scale is predominantly determined by the destabilizing interaction with the lone pairs of the donor nitrogen atoms of the Py and NCS-ligands, respectively (see Table V ). The interaction with the lone pairs of the NCS groups is stronger due to both the geometry reasons affecting the magnitude of the resonance factors pi, and the differences in the electronic structure of the two ligands. The ionization potential is smaller in the case of the N C S lone pair and, thus, the energy of the charge-transfer state appearing in the denominator [Eq. (8) and 5B, g states is somewhat overestimated. At the same time, in the case of the NCS complex of Ni, the split between the dX2 and ~, Z L~Z orbitals is much less pronounced. Having in mind the proven success of the EHCF method in predicting the ground-state spin and symmetry for many diverse TMC (including the successful description of the spin-transitions in the Fe(I1) complexes with the nitrogen containing ligands reported elsewhere [221), we undertook an attempt to attack metal porphyrins. The SCF ab initio calculations on metal porphyrins systematically give erroneous results, overestimating the total energy of the high-spin ground states. In the case of MnP (P stands hereafter for porphin), the high-spin 6Alx is the exact ground state [31] . However, in the case of COP, the ground state is found to be quartet [32] , and for FeP, the ground state has been shown to be a quintet [331. In both cases, the restricted CI when taken into account partially improves the situation in the respect that the energies of the states with the required ground-state spin become lower; however, the ground state remains the high-spin one even with the extensive CI [33] . The EHCF method when applied to metal porphyrins improves the situation significantly. For the planar geometries of the three considered metal porphyrins, in all the cases, we reproduce the experimental ground-state spin and symmetry. An obvious difference between our calculation and those performed by the ab initio methods is the variance in the effective charges of the central ions.
The ab initio works [31-331 report on the metal charges of about + 1 . 5~ In our (ultimately a CNDO) calculation on the I-system, the positive charge on the metal atoms does not exceed + le. However, in view of the low contribution the Coulomb interaction between the ligands and the d-shell gives to the actual crystal field induced onto the latter, the difference in the charge distribution reported above cannot account for the successful calculation of the ground-state spin (see below).
General Discussion and Conclusion
In the present article, we describe the effective Hamiltonian/crystal field (EHCF) method and analyze the results of its application to the calculation of the d-level splitting and d-d spectra in a series of transition-metal complexes (TMC). The EHCF method allows one to perform systematic calculations of the ligand field for various ligand environments. The results of these calculations are in a fair agreement with the experimental data, particularly in the respect of the spin multiplicity of the ground states of the complexes. We were even able to solve some long-term problems in the transitionmetal quantum chemistry by reproducing in a consistent manner the experimental ground states for iron(I1) porphyrin and for cobalt(I1) porphyrin, which either was not possible in the Hartree-Fock approximation or required very long CI expansions.
The base for this success was, of course, a careful avoiding of the snares the SCF approximation contains. It is well known that the SCF approximation overestimates the contribution of the chargetransfer states as compared to the exact (correlated) ground state [341. We accepted as a fact that this shortcoming at least for the equilibrium geometries of the normal organic molecules can be covered by some parametrization (e.g., by CNDO). The reason is that in a normal organic molecule one can never distinguish the multiplet terms of the separate component atoms. This is the state of things which one could call "organic quantum chemistry." By contrast, the d-shell of a transitionmetal ion in a complex largely retains the system of the terms that it had in the free state. When the d-shell is included in the general SCF-MO-LCAO procedure, the singly, doubly, etc., positively and negatively ionized states of this shell are produced and overestimated by this scheme. One can try to correct these errors by performing CI which suppresses the configurations corresponding to the excessively charged atoms. However, these CI expansions are performed in the basis of the MO-LCAO Slater determinants and it takes too many of them to suppress the configurations where the atoms are excessively charged. Indeed, in the case of the H, molecule, in order to suppress the charge fluctua- In the EHCF method, we, from the very beginning, do not allow the overcharged configurations of the d-shell to appear. The only allowed chargetransfer configurations are those where one electron is transferred from the d-shell or into it. In that respect, we proceed in a line with [13] . We, however, do one more step and project out the configurations with the charge transfer. That gives us the effective crystal-field splitting of the oneelectron d-levels and allows us to retain the multiplets of the free ions in our consideration. This correct form of the wave function for TMC does not have the charge fluctuations, and for that reason, it is enough to take into consideration a small active space-the configurations of the d-shell only. Now let us turn to the limitations of the method and of its current implementation which also have to be mentioned. In the simple version of the EHCF method, we present here the electronic structure of the ligands treated within the CNDO approximation, which is, probably, enough in our case when we only need to reproduce the charge distribution in the ligands and to estimate their orbital energies at the fixed experimental geometries. It will not suffice for the geometry optimization when, at least, the corrected core-core repulsion is necessary. Another problem difficult to address with use of the current implementation of the EHCF method is the spin-polarization of the diamagnetic ligands by the paramagnetic central ions which would require exchange interaction to be included in the theory. This work is in progress now.
Another limitation can be, probably, considered as an advantage of the method. The resonance interaction between the d-shell and the ligands is taken into account perturbatively. It imposes an additional restriction on the energy denominators A Edi and A E i d , which have to be positive and not too small. When it is not satisfied, we consider that as an alarm signal, indicating that the assumed electron distribution between the d-shell and the ligands is not correct and either some other electron distribution must be assumed or some charge-transfer states (or, in other words, the resolvent poles) intervene between the d-d excitations.
The latter is frequently the case for the low-valent metal centers like those in metal carbonyls [like Ni(CO), I. For them, the atomic configuration has a low energy and is strongly admixed. Incidentally, the molecules of that type are never considered as derivatives of the free ions with, say, the configuration d8 (in the Ni case) and they are not fit to the conventional CFT. Respectively, their electronic structure cannot be described by the EHCF method presented in this article. 
Appendix
Here, we present a proof that the Slater determinant breaking the Aufbauprinzip cannot be a minimum of the Hartree-Fock energy functional. We must pay credit for this proof to Prof. V. I. Pupyshev of the Chemistry Department of the Moscow State (Lomonosoff) University as it had been given in the lectures that he used to deliver and seems to be never published [361.
Let us consider the one-electron reduced density matrix R for the one-determinant wave function:
where +i are occupied molecular spin-orbitals The Hartree-Fock equation for the density matrix has the following form:
where F(R) = h + G(R) is the matrix of the Fock operator. In the basis of canonical orbitals, this matrix is diagonal and its eigenvalues are the energies of the MSO: since E(R') -E(R) 2 0 because of the variational principle.
